CCR2 chemokine receptor signaling has been implicated in the generation of diverse types of neuropathology, including neuropathic pain. For example, ccr2 knock-out mice are resistant to the establishment of neuropathic pain, and mice overexpressing its ligand, monocyte chemoattractant protein-1 (MCP1; also known as CCL2), show enhanced pain sensitivity. However, whether CCR2 receptor activation occurs in the central or peripheral nervous system in states of neuropathic pain has not been clear. We developed a novel method for visualizing CCR2 receptor activation in vivo by generating bitransgenic reporter mice in which the chemokine receptor CCR2 and its ligand MCP1 were labeled by the fluorescent proteins enhanced green fluorescent protein and monomeric red fluorescent protein-1, respectively. CCR2 receptor activation under conditions such as acute inflammation and experimental autoimmune encephalomyelitis could be faithfully visualized by using these mice. We examined the status of CCR2 receptor activation in a demyelination injury model of neuropathic pain and found that MCP1-induced CCR2 receptor activation mainly occurred in the peripheral nervous system, including the injured peripheral nerve and dorsal root ganglia. These data explain the rapid antinociceptive effects of peripherally administered CCR2 antagonists under these circumstances, suggesting that CCR2 antagonists may ameliorate pain by inhibiting CCR2 receptor activation in the periphery. The method developed here for visualizing CCR2 receptor activation in vivo may be extended to G-protein-coupled receptors (GPCRs) in general and will be valuable for studying intercellular GPCR-mediated communication in vivo.
Introduction
Neuropathic pain is a widespread health problem involving changes in the properties of primary sensory neurons and their central connections (Ji and Strichartz, 2004) . Although the mechanisms that direct these changes are not completely understood, they are believed to involve activation of elements of the innate immune system and the action of inflammatory cytokines (Mogil et al., 2000; Scholz and Woolf, 2007; White et al., 2007; Milligan and Watkins, 2009 ). For example, it has been demonstrated that in association with chronic pain behaviors, neurons in the dorsal root ganglia (DRG) upregulate the expression of chemokines and their receptors, and that chemokines strongly excite pain-sensing neurons (nociceptors) under these circumstances (Oh et al., 2001; White et al., 2005 White et al., , 2007 Sun et al., 2006) . In particular, expression of the chemokine monocyte chemoattractant protein-1 (MCP1; also known as CCL2) has been shown to be upregulated by DRG neurons in several models of neuropathic pain (Tanaka et al., 2004; Gosselin et al., 2005; White et al., 2005 White et al., , 2007 Zhang and De Koninck, 2006; Bhangoo et al., 2007; Yang et al., 2007; Jeon et al., 2008; Thacker et al., 2009) . Under the same circumstances, it has been reported that the expression of CCR2 receptors, the receptors for MCP1, is upregulated by DRG neurons (White et al., 2005; Sun et al., 2006; Bhangoo et al., 2007) and by microglia in the spinal cord (Abbadie et al., 2003; Zhang and De Koninck, 2006; Zhang et al., 2007; Thacker et al., 2009 ). It has also been reported that some neurons in the spinal cord that receive GABAergic inputs express CCR2 receptors under some circumstances (Gosselin et al., 2005) . Activation of CCR2 receptors is a critical event in the pathogenesis of neuropathic pain, because mice that are deficient in these receptors are resistant to the development of this behavior (Abbadie et al., 2003) , and mice that overexpress MCP1 show enhanced pain sensitivity (Menetski et al., 2007) . Moreover, drugs that block CCR2 receptors can inhibit established pain hypersensitivity, suggesting that ongoing activation of CCR2 receptors contributes to the maintenance of neuropathic pain (Bhangoo et al., 2007) . However, exactly how MCP1-CCR2 signaling is involved in producing pain is not understood, and the locus of action of MCP1 is unclear. We have now used novel transgenic mouse models of MCP1-CCR2 signaling to visualize MCP1-mediated intercellular communication in vivo so as to precisely determine the sites of action of MCP1 in the context of chronic pain behavior. Our results dem-GACCAGTGTGACAGTGAACCCGGTCGCCACCATGGCCTCC-3Ј; for MCP1::MCP1-mRFP1 downstream, 5Ј-ATAAGTTAAATAAGTTTAATAT-TAATTAAGGCATCACAGTCCGAGTCACACTATTCCAGAAGTAGT-GAGGA-3Ј. The CXCR4::EGFP mouse was a kind gift from the GENSAT project (Rockefeller University, New York, NY).
Lipopolylsaccharide injection. Mice were injected intraperitoneally with 10 mg/kg lipopolysaccharide (LPS) diluted in saline and were killed after 24 or 72 h. For some experiments, animals were injected intraperitoneally with the CCR2 receptor antagonist (RA) (CCR2-RA; a kind gift from Eli Lilly and Company) diluted in saline. In this case, animals were injected with 50 mg/kg CCR2-RA three times at 4 h intervals during the last 12 h of LPS treatment.
Experimental autoimmune encephalomyelitis. Detailed methods for the induction of experimental autoimmune encephalomyelitis (EAE) are described previously (Bailey et al., 2007) . Briefly, female mice at 12-15 weeks of age were immunized subcutaneously with 100 l of emulsified incomplete Freund's adjuvant (Difco) supplemented with 200 g Mycobacterium tuberculosis H37Ra (Difco) and 100 g MOG (35-55: MEVGWYRSPFSRVVHLYRNGK), and they received intraperitoneal injections of 200 ng pertussis toxin (Sigma) at the time of immunization and 48 h later.
Sciatic nerve demyelination. Animals were anesthetized with 4% isoflurane and maintained on 2% isoflurane (Halocarbon) in O 2 . For all demyelination experiments, lysophosphatidylcholine (LPC) (type V, 99% pure; Sigma-Aldrich) was dissolved in buffered sterile saline, pH 7.2, to yield a final concentration of 10 mg/ml. The right sciatic nerve of the mouse was exposed at midthigh level under sterile conditions. A sterile polyvinyl acetal sponge (Ivalon), 2 ϫ 2 mm, was soaked in 7 l of LPC and then placed adjacent to the sciatic nerve. The dermal incision site was closed with 4.0 suture thread. Sham control animals were prepared as described above, but buffered sterile saline was used in place of LPC. Animals were allowed to survive for 14 d. For some experiments, animals were injected with a CCR2-RA (Eli Lilly and Company). Three injections of CCR2-RA (50 mg/kg) were given intraperitoneally at 4 h intervals during the last 12 h of the experiments. All experiments complied with protocols approved by the Northwestern University and Loyola University Chicago Institutional Animal Care and Use Committees.
Tissue sectioning, immunohistochemistry, and imaging. To kill, animals were transcardially perfused with 4% paraformaldehyde. Tissues including the brain were postfixed in the same solution overnight before being sectioned. Brains were sectioned at 40 m using a vibratome (Leica). Free-floating brain sections were immunostained for specific antigens using a standard protocol. DRG, spinal cords, and sciatic nerves were isolated and fixed in 4% paraformaldehyde at 4°C overnight. Tissues were then saturated with 30% sucrose in 1ϫ PBS before sectioning using a cryostat. Tissue samples were sectioned at 20 m and stored at Ϫ70°C until used. The primary antibodies used are as follows: a rabbit polyclonal anti-IBA-1 antibody (WAKO Pure Chemical Industries; 1:400); a rabbit polyclonal anti-GFAP antibody (Sigma; 1:400); and a rat monoclonal anti-PDGFR␣ (CD140a) antibody (BD Biosciences; 1:400). Corresponding secondary antibodies conjugated with Alexa Fluor 633 (Invitrogen) were used. Fluorescent images were taken by a laser-scanning confocal microscope. The following settings were used to detect each fluorophore: for EGFP, excitation at 488 nm and emission at 500 -520 nm; for mRFP1, excitation at 543 nm and emission at 610 nm and above; and for Alexa Fluor 633, excitation at 633 nm and emission at 670 nm and above. When mRFP1 and Alexa Fluor 633 were imaged in the same section, each fluorophore was sequentially excited. A 20ϫ objective and a 60ϫ oilimmersion objective were used, and the thickness of optical sections was 2 m and 0.4 m, respectively. To quantify relative intensity of fluorescent signals, the "plot profile" function of ImageJ (http://rsbweb.nih.gov/ ij/) was applied to lines in Figure 7 . The values were normalized to the maximum value in each profile and expressed as an arbitrary unit.
Cell counting and statistics. For some experiments, CCR2-EGFPexpressing cells which underwent CCR2 receptor activation were counted. Cells in which most cell surface EGFP signal was lost and intracellular vesicular EGFP signal increased were counted as active cells. Cells which had no visible interruption in cell surface EGFP signal were counted as inactive cells. All the tissue sections were obtained from the corresponding anatomical locations, and at least three different sections were counted for each group. The percentages of activated cells out of the total CCR2-EGFP-expressing cells were calculated and compared between two groups using a nonparametric Mann-Whitney U test. To calculate the density of MCP1-expressing cells in the bone marrow, mRFP1-positive cells were counted in 600 ϫ 600 ϫ 10 m volume from three or more bone marrow sections, and average cell density was calculated. The densities between control and LPS-injected groups were compared by t test. p Ͻ 0.05 was considered as significant.
In situ hybridization. To examine CCR2 expression at the mRNA level in situ, hybridization was performed using a mouse CCR2-specific probe as described previously (Tran et al., 2007) . The probe was selected from 3Ј untranslated region of mouse CCR2 mRNA to minimize crossreactivity with closely related genes, including CCR5.
Results

Visualization of MCP1-CCR2 interactions in cell culture
To visualize CCR2 receptor activation, we made use of the widely described property associated with G-protein-coupled receptor (GPCR) signaling that agonist-mediated activation of these receptors results in receptor endocytosis (Hanyaloglu and von Zastrow, 2008) . Labeling of GPCR and neuropeptide C termini with fluorescent proteins has been widely used to track subcellular processes such as receptor trafficking and neuropeptide release (Kallal and Benovic, 2000; Levitan, 2004) . Indeed, fusion of EGFP or mRFP1 to the C termini of CCR2 receptors did not interfere with either their intracellular processing (i.e., membrane localization) or functions (i.e., ligand-induced endocytosis and coupling to increased intracellular Ca signaling) (supplemental Fig.  1 , available at www.jneurosci.org as supplemental material). Likewise, fusion of EGFP or mRFP1 to the C terminus of the chemokine MCP1 did not interfere with its maturation, intracellular vesicular localization, or release (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). These results indicate that it may be possible to visualize interactions between MCP1 and CCR2 using the ligand and the receptor labeled with different fluorophores (Fig. 1 A) .
To investigate this possibility further, cells transfected with either MCP1-mRFP1 or CCR2-EGFP were cocultured. When cultured separately, CCR2-EGFP was primarily localized to the plasma membrane, and MCP1-mRFP1 was localized to intracellular vesicles (supplemental Figs. 1, 2, available at www.jneurosci. org as supplemental material). In contrast, CCR2-EGFP in cocultures was primarily localized to intracellular vesicles, indicating that the receptors had undergone agonist-induced endocytosis (Fig. 1 A) . Many of these intracellular vesicles were yellow/ orange, demonstrating that they involved the binding of MCP1-mRFP1 (red) to CCR2-EGFP (green) resulting in agonistinduced endocytosis of yellow vesicles (Fig. 1 A) . In support of this conclusion, the appearance of yellow endocytotic vesicles could be completely blocked by a specific CCR2 RA (Bhangoo et al., 2007) (Fig. 1 B) . More than 90% of CCR2-EGFP-expressing cells in close proximity to an MCP1-mRFP1-expressing cell exhibited clear yellow vesicles (n ϭ 36). When 300 nM of a CCR2-RA was introduced, any yellow vesicles were observed in Ͻ5% of CCR2-EGFP-expressing cells (n ϭ 64). Moreover, the formation of yellow vesicles was found to be ligand-specific. Another chemokine, SDF1-mRFP1, did not induce CCR2-EGFP endocytosis, although it did induce endocytosis of its own cognate receptor, CXCR4 -EYFP, a phenomenon which was blocked by the specific CXCR4 receptor antagonist AMD3100 (Fig.  1C, E, F ) . Moreover MCP1-mRFP1 did not induce endocytosis of CXCR4 -EYFP (Fig. 1 D) . These data indicate that if an endogenous ligand and its cognate receptor are labeled with different , In experiments to demonstrate this phenomenon in cell culture, HEK293 cells were transfected with either a chemokine ligand construct (MCP1-mRFP1 or SDF1-mRFP1) or a chemokine receptor construct (CCR2-EGFP or CXCR4 -EYFP). After 24 h, ligand-expressing cells (red arrow) were cocultured with receptor-expressing cells (green arrow). A, Constitutively released MCP1-mRFP1 entered CCR2-EGFP-expressing cells, resulting in the formation of endocytic vesicles containing both MCP1-mRFP1 and CCR2-EGFP. B, The interactionsbetweenMCP1-mRFP1-andCCR2-EGFP-expressingcellswerecompletelyblockedbya CCR2 receptor antagonist (CCR2-RA; 300 nM). C, D, SDF1-mRFP1 did not interact with CCR2-EGFP (C), and MCP1-mRFP1 did not interact with CXCR4 -EYFP (D). E, F, SDF1-mRFP1 did induce the endocytosisofCXCR4 -EYFP(E),andthiswasblockedbyaspecificCXCR4 -RA(AMD3100;30nM)(F). Scale bars, 10 m. G, Proposed model for the assessment of MCP1-CCR2 interactions. MCP1-mRFP1 is localizedtosecretoryvesicles(topspace)andCCR2-EGFPtotheplasmamembrane(bottomspace).When signaling occurs, released MCP1-mRFP1 (1) binds to CCR2-EGFP expressed on CCR2-expressing cells (2). BindinginducesendocytosisoftheMCP1-mRFP1/CCR2-EGFPcomplexes(3).IndicationsofCCR2activation include the loss of membrane-localized EGFP signal and an increase in yellow/orange intracellular vesicles containing both MCP1-mRFP1 and CCR2-EGFP (bottom diagrams). fluorescent proteins, it should also be possible to visualize their interactions in vivo (Fig. 1G ). In particular, the experiments indicate that MCP1-mRFP1-mediated intercellular communication can be observed from the presence of yellow (or orange or red) ( Fig. 1 A) vesicles within CCR2-EGFP-expressing cells, whereas in the presence of a receptor antagonist, MCP1-and CCR2-expressing cells should be separated. These predictions were now tested by generating MCP1-mRFP1 and CCR2-EGFP bitransgenic mice.
Generation of transgenic mice using modified BACs
Expression of EGFP-tagged neuropeptides in neurons in vitro and in vivo has been widely used to study dynamics of neuropeptide release (Lou et al., 2005; Shakiryanova et al., 2006) . However, most of these experiments used an exogenous promoter to ectopically express the tagged proteins. Recently, it was shown that by using BACs, reliable transcriptional reporter mice can be generated without detailed knowledge of a gene's promoter structure (Lee et al., 2001; Heintz, 2004) . It is assumed that a single BAC clone of a sufficiently large size (ϳ200 kb) contains most regulatory cis-elements responsible for expression of a single gene. Using an efficient homologous recombination system in bacteria, a reporter gene (e.g., EGFP) can be inserted into a precise location in a BAC clone, so that endogenous regulatory elements may control the expression of the inserted reporter gene. By combining these two approaches, transgenic reporter mice that express MCP1-mRFP1 and CCR2-EGFP under the control of their respective endogenous regulatory elements were created. The mRFP1 coding sequence was inserted in place of the MCP1 stop codon, and EGFP was inserted in place of the CCR2 stop codon (MCP1::MCP1-mRFP1 and CCR2::CCR2-EGFP, respectively) ( Fig. 2 A) . In parallel, a conventional BAC transcriptional reporter mouse for MCP1 (MCP1::mRFP1) was also generated.
Faithful expression of reporter genes in BAC transgenic mice CCR2 receptors are normally expressed by leukocytes (Serbina et al., 2008) , although their expression may also be observed in some neurons and microglia under normal and pathological conditions (Banisadr et al., 2002; Abbadie et al., 2003; Gosselin et al., 2005; . In CCR2-EGFP protein reporter mice (CCR2::CCR2-EGFP), the reporter gene was expressed by cells in the bone marrow and by circulating leukocytes under normal conditions (16.1 and 8.4% of nucleated cells in the bone marrow and in the blood, respectively, as examined by flow cytometry). CCR2-EGFP was also expressed by neurons and glia under pathological conditions (Figs. 2 E, 3-7). CCR2-EGFP was mainly localized to the plasma membrane of unstimulated cells (Fig. 2 E, note that EGFP signal is absent from the nucleus which is represented as blue). By comparison, a similarly generated transcriptional reporter mouse for the chemokine receptor CXCR4 showed the expected diffuse localization of EGFP throughout the cell (CXCR4::EGFP) (Fig. 2 D , cyan arrow) (EGFP is diffusely localized including in the nucleus in contrast to CCR2::CCR2-EGFP protein reporter mice in Fig. 2 E) .
MCP1 is not generally expressed at high levels in the nervous system under normal circumstances. Rather, its expression is induced under various pathological conditions in association with activation of the innate immune response (Mahad and Ransohoff, 2003; Medzhitov, 2008) . Cells in the nervous system which upregulate MCP1 expression may include microglia, astrocytes, and neurons (Majumder et al., 1996; Mahad and Ransohoff, 2003; White et al., 2005; Lund et al., 2006) . In agreement with known expression patterns, there was little basal expression of mRFP1 in the nervous system of transcriptional and protein level reporter mice (data not shown). However, mRFP1 expression was induced by various manipulations which are known to upregulate MCP1. For example, acute activation of the innate immune response by injection of LPS, a bacterial endotoxin that elicits strong innate immune responses by activating Toll-like receptors, induced upregulation of the reporter gene in microglia across the CNS (Lund et al., 2006) (Fig. 3C ) [95% colocalization with IBA-1-immunoreactivity (ir), n ϭ 160]. Several independent lines of mice made using the same construct exhibited similar patterns of expression. Moreover, the cellular localization (i.e., microglia in the case of LPS injection) of the reporter gene products was identical in the transcriptional (MCP1::mRFP1) and the protein reporter (MCP1::MCP1-mRFP1) mice, further Figure 2 . Generation of BAC transgenic reporter mice. A, BAC clones were modified by recombineering. EGFP or mRFP1 was inserted in place of the start codon to generate a transcriptional reporter (1) or the stop codon to generate a protein level reporter (2). CXCR4::EGFP transcriptional reporter mice were obtained from the GENSAT project. The diagrams indicate expected subcellular localization of reporter proteins. pA, Poly-A signal. B, C, MCP1 reporter genes were expressed by microglia during an inflammatory response elicited by LPS injection (24 h after injection). Brain sections of LPS-injected mice are shown. D, E, The CXCR4 and CCR2 reporter genes were expressed by a subset of leukocytes under normal conditions. Blood smear samples were prepared from naive animals, and nucleated cells were identified by DAPI staining (blue). The reporter gene products (i.e., EGFP or mRFP1) of the transcriptional reporter mice (B, D) diffusely filled entire cells including the nuclei, whereas those of the protein level reporter mice (C, E) were limited to the appropriate subcellular localizations (i.e., MCP1-mRFP1 to vesicles, and CCR2-sEGFP mostly to the plasma membrane). Scale bars, 20 m.
confirming that expression of the reporter gene products was consistently regulated (Fig. 2 B, C) . However, as expected, the subcellular localization of the different types of reporter was clearly different. Unlike the transcriptional reporter where mRFP1 filled entire cells in a diffuse manner, MCP1-mRFP1 was localized to vesicular structures in the protein reporter mice as previously shown in cultured cells (Figs. 1 B, C, 2C) .
By crossing these lines of mice, MCP1::MCP1-mRFP1; CCR2::CCR2-EGFP bitransgenic mice were generated so as to report the cellular and subcellular localization of MCP1 and CCR2 in a single animal. For example, we observed the presence of green CCR2-EGFP-expressing cells in the brain, particularly in the region of blood vessels shortly after LPS treatment. Many of these cells were located in close juxtaposition to MCP1-expressing cells and contained yellow/orange/red vesicles ( Fig. 3E -H ), suggesting active communication between the two cell types as described above in cell culture. These yellow vesicles were not observed in CCR2-EGFP-expressing leukocytes when MCP1 transcriptional reporter mice were used instead (MCP1::mRFP1; CCR2::CCR2-EGFP) (data not shown) (see also Figs. 4B and 5B). In addition, using live brain slices of LPS-injected mice, we could monitor the movement of intracellular vesicles containing MCP1-mRFP1 and CCR2-EGFP in CCR2-expressing cells, while these cells continuously extended and retracted cellular processes (supplemental Movie 1, available at www.jneurosci.org as supplemental material). Therefore, these mice may provide a unique opportunity for examining MCP1-CCR2 signaling in real time in live tissue. Such observations support the interpretation that MCP1-mRFP1 released in trans can enter CCR2-EGFP-expressing leukocytes in vivo (Fig.  3H ) . To further examine whether these observations represent the activation of CCR2 receptors, we used two pathological conditions under which CCR2-mediated signaling is known to be activated: acute inflammation and EAE. Interactions between MCP1-and CCR2-expressing cells can be visualized using BAC transgenic reporter mice. MCP1::MCP1-mRFP1; CCR2::CCR2-EGFP mice were injected with LPS. A, B, After the injection (24 h), MCP1 (red) was significantly upregulated across the brains of these animals (B) in contrast to naive animals which showed no MCP1 expression (A). C, MCP1 was upregulated mostly by microglia (purple arrows), which were identified by IBA-1-ir. D, GFAP-expressing astrocytes generally did not upregulate MCP1-mRFP1 (red arrows). A few cells which were closely associated with blood vessels and upregulated MCP1 did not express IBA-1 or GFAP (A, a white concave arrow; B-D, red concave arrows). The pictures were taken from the mediofrontal cortex. cc, Corpus callosum. E, F, After the injection (48 h), interactions between MCP1-and CCR2-expressing cells could be observed in the brain. In this example, two perivascular microglia (G; IBA-1-ir) are interacting with one circulating leukocyte (F; CCR2-EGFPϩ). Microglia not only upregulated MCP1 but also released MCP1 to activate the CCR2-EGFP-expressing 
Visualization of MCP1-CCR2 interactions in vivo
Bone marrow: regulated release of MCP1 during inflammation During an active inflammatory response (e.g., after bacterial infection), CCR2 receptors expressed by bone marrow monocytes are activated, resulting in the egress of these cells into the blood stream (Serbina and Pamer, 2006) . We observed that the bone marrow of naive animals contained a number of MCP1-expressing cells surrounded by numerous CCR2-positive cells, which apparently often made physical contact with one another (Fig. 4 A, C) . However, activation of CCR2 receptors in these cells under normal conditions was minimal, because most of the CCR2-EGFP was localized to the plasma membrane (Fig. 4 A, C) . Moreover, there were no MCP1-mRFP1-containing vesicles in or around CCR2-EGFP-expressing cells (Fig. 4C ). This expression pattern changed dramatically after activation of the inflammatory response. Animals that were injected with LPS showed a significant increase in MCP1 release in the bone marrow (Fig. 4 B, D) . Two observations supported this conclusion. First, the cell surface expression of CCR2-EGFP was decreased, whereas intracellular CCR2-EGFP was increased (Fig. 4 B, D) . Second, CCR2-expressing cells now had numerous CCR2-EGFP/MCP1-mRFP1-containing yellow vesicles both inside and around the plasma membrane (Fig.  4 D) . These data indicate that LPS treatment induced MCP1 release and consequent activation and endocytosis of CCR2 receptors.
The activation of CCR2 receptors during inflammation was likely attributable to rapid regulated release of presynthesized MCP1, because there were already many MCP1-mRFP1-expressing cells in the bone marrow of mice under naive conditions (Fig. 4 A, C) . When the experiments were performed using MCP1-mRFP1 transcriptional reporter mice in which mRFP1 is not secreted and remains in MCP1-expressing cells, the number of MCP1-expressing cells in both groups were indistinguishable (compare Fig.  4 A, B) . However, the activation of CCR2 receptors in monocytes during this process was still evident, because the surface expression of CCR2-EGFP was decreased, whereas its expression in endocytotic vesicles increased (Fig. 4 B) (percentage activated cells, 7.3% in control vs 72.4% in LPS-injected mice; n ϭ 90 for control and n ϭ 63 for the LPS-injected group; p Ͻ 0.0001, Mann-Whitney U test). Appropriately, these endocytotic vesicles were all green rather than yellow. Overall, these data clearly suggest that the activation of CCR2 in monocytes in the bone marrow is attributable to the increased release of presynthesized MCP1 by bone marrow cells.
Finally, the specificity of MCP1-mRFP1 and CCR2-EGFP interactions was confirmed by the systemic injection of a specific CCR2 receptor antagonist (CCR2-RA) (Bhangoo et al., 2007) . The CCR2-RA was injected three times at 4 h intervals, 12 h after the injection of LPS. Animals were killed after a total of 24 h. The injection of the CCR2-RA restored the cell surface expression of D) . After 24 h, bone marrow sections were imaged using a confocal microscope. Compared with CCR2 receptor expression under naive conditions (A, C; green arrow), activation of CCR2 receptors was evident after LPS treatment as indicated by internalization and loss of membrane localized CCR2-EGFP (B, D; concave arrow). When MCP1 protein reporter mice were used, MCP1 uptake by CCR2-expressing cells could also be visualized in yellow vesicles (D; yellow concave arrow). E, The activation of CCR2 receptors in the bone marrow was reversed by the CCR2 receptor antagonist (CCR2-RA). MCP1::MCP1-mRFP1; CCR2::CCR2-EGFP mice were injected with LPS alone (D) or LPS and CCR2-RA (E). The CCR2-RA was injected intraperitoneally (50 mg/kg) three times at 4 h intervals during the last 12 h period of the inflammatory response. The CCR2-RA increased membrane localization and decreased intracellular localization of CCR2-EGFP (green arrow; E). In some cases, MCP1-mRFP1-containing vesicles remained after CCR2-EGFP-containing vesicles had disappeared (white arrow). Scale bars, 10 m. Figure 5 . Activation of CCR2 receptors in peripheral leukocytes during the pathogenesis of EAE can be visualized in the BAC transgenic mice. EAE was induced in MCP1:mRFP1; CCR2::CCR2-EGFP mice (B) and MCP1::MCP1-mRFP1; CCR2::CCR2-EGFP mice (C). The pictures were taken from the white matter from coronal cerebellar sections. Unlike control conditions (A), there was a marked infiltration of leukocytes (B, C; CCR2-EGFPϩ) into the parenchyma of the cerebellum (examined on postoperative day 14). Magnified views of the boxed areas are shown below B and C. Although there were close interactions between MCP1 (red arrow, cell body; red arrowhead, cellular process)-and CCR2-expressing cells (green concave arrow) (B, C), only MCP1-mRFP1 (C), but not mRFP1 alone (B), was transferred to CCR2-EGFP-expressing leukocytes as indicated from the appearance of yellow internal vesicles (yellow arrow and arrowhead). Scale bars, 20 m. (Fig. 4 E) (percentage cells with strong EGFP signals in intracellular vesicles, 60.4% in LPS-injected vs 15.6% in LPS and CCR2-RA-injected mice; n ϭ 65 for the LPS group and n ϭ 97 for the LPS plus CCR2-RA group; p Ͻ 0.0001, Mann-Whitney U test). Some MCP1-mRFP1 containing red vesicles remained inside the CCR2-EGFP-expressing cells (Fig. 4 E, white arrow) . This may be attributable to different stability or sorting of MCP1-mRFP1 and CCR2-EGFP within the endocytic pathway of target cells. These experiments, using a well established model in which CCR2 signaling plays an important physiological role, confirm that CCR2 receptor activation can be visualized in vivo using bitransgenic mice.
CCR2-EGFP
In the brain: interactions between microglia and leukocytes
One well characterized condition under which CCR2 signaling is activated in the brain is experimental autoimmune EAE. In EAE, an animal model of multiple sclerosis, animals develop an autoimmune response characterized by an immune attack against the white matter of the CNS (Karpus and Ransohoff, 1998) . The cerebellar white matter is a particularly vulnerable structure. Accordingly, bitransgenic animals that developed EAE exhibited a dramatic infiltration of peripheral leukocytes expressing CCR2-EGFP around blood vessels and in the cerebellar parenchyma ( Fig. 5 B, C) . These cells were closely juxtaposed to MCP1-mRFP1-expressing cells (Fig. 5 B, C) . Many of the infiltrating cells exhibited yellow subcellular vesicles containing both MCP1-mRFP1 and CCR2-EGFP, confirming that the activation of CCR2-mediated signaling occurs during the pathogenesis of EAE (Mahad et al., 2006) (Fig. 5C , bottom panels) (over 78% CCR2-expressing cells contained yellow vesicles). As in the LPS model, no dual-color vesicles were observed when the transcriptional reporter mice for MCP1 were used (MCP1::mRFP1; CCR2::CCR2-EGFP) (Fig. 5B, bottom panels) , suggesting that these vesicles represent the MCP1-induced activation of CCR2 receptors.
Overall, therefore, these results suggest that, as in cell culture, MCP1-CCR2 signaling can be monitored in vivo using the fusion protein bitransgenic mice. Using these mice, we now examined the status of CCR2 receptor activation in the context of neuropathic pain.
Visualization of CCR2 receptor activation in states of neuropathic pain
A focal demyelination model of neuropathic pain (Wallace et al., 2003; Bhangoo et al., 2007; was used in these experiments. In this model, a detergent (LPC)-soaked sponge was implanted near the sciatic nerve at the level of the thigh. The sponge slowly releases LPC which induces focal demyelination of the nerve. As a result, animals develop sustained hyperalgesia in their hindpaws. An injection of the CCR2-RA at the peak of hyperalgesia has been shown to rapidly ameliorate pain hypersensitivity (Bhangoo et al., 2007) , suggesting the importance of ongoing activation of CCR2 receptors in this model of neuropathic pain. Using these mice, we examined the peripheral nerves, DRG, and the dorsal horn of the spinal cord for indications of CCR2 activation associated with LPC-induced pain behavior.
In naive mice, we observed that MCP1 was not expressed at appreciable levels in the sciatic nerve, DRG, or spinal cord in keeping with previous findings (Tanaka et al., 2004; White et al., 2005 White et al., , 2007 Zhang and De Koninck, 2006; Bhangoo et al., 2007; Jeon et al., 2008; Thacker et al., 2009) (Figs. 6 A, 7A, 8) . CCR2 receptors were also not expressed in the spinal cord or in the sciatic nerve, except for occasional small green cells associated with meninges or perineuria (Figs. 6 A, 8) . In the DRG, a few small cells surrounding neurons expressed low levels of CCR2 receptors (Fig. 7B ). This pattern of expression was greatly altered in mice which had developed sciatic nerve demyelinationinduced hindpaw hyperalgesia. First, we noted a large number of CCR2-and MCP1-expressing cells surrounding the point of LPC application and within the nerve (Fig. 6 B) . Cells expressing MCP1 within the nerve included endoneurial fibroblasts, as has been previously suggested based on the fact that they expressed platelet-derived growth factor (PDGF) receptor-␣ (Mäurer et al., 2003) and did not express S100 (Carroll and Frohnert, 1998) , a marker for Schwann cells (Fig. 6C,D) . Interestingly, many CCR2-expressing cells observed in close juxtaposition to MCP1-expressing cells contained yellow/orange vesicles, suggesting active communication between the two cell types (Fig. 6 E) . We tested this possibility by administering the CCR2-RA to these mice. Under these circumstances, CCR2-and MCP1-expressing cells within the nerve were observed as separate populations, and cells containing yellow vesicles were rarely observed (Fig. 6 F) (percentage activated cells, 53.0% in LPC vs 15.3% in LPC and CCR2-RA groups; n ϭ 68 for LPC and n ϭ 44 for LPC-RA group; p Ͻ 0.0001, Mann-Whitney U test).
As previously observed after LPC treatment and in other chronic pain models, expression of both MCP1 (Tanaka et al., 2004; White et al., 2005; Zhang and De Koninck, 2006; Bhangoo et al., 2007; Jeon et al., 2008; Thacker et al., 2009) and CCR2 (White et al., 2005; Sun et al., 2006; Bhangoo et al., 2007; was greatly upregulated in the DRG associated the injured sciatic nerve (i.e., DRG at the levels of L4 and L5). In the L4 DRG ipsilateral to the demyelination injury MCP1 was expressed by many neurons (Fig. 7D ) (Ͻ1% neurons in the control groups, whereas Ͼ30% neurons in the LPC group). CCR2 was also expressed in numerous neurons and also by several small cells (Fig. 7E ) (Ͻ1% neurons in the control groups, whereas Ͼ60% neurons in the LPC group). The apparent levels of CCR2 expression in the neurons appeared generally lower than in the small leukocyte-like cells (Fig. 7E , compare large arrow and small arrow; see also F, J ). Interestingly, it was clear that many neurons contained yellow/orange vesicles that were positive for both MCP1 and CCR2, indicating communication between MCP1-and CCR2-expressing elements within the DRG (Fig.  7 F, J ) (Ͼ50% of CCR2-expressing cells). To confirm this conclusion, we examined the DRG from LPC-treated animals after the administration of the CCR2-RA. As in the case of the sciatic nerve and bone marrow discussed above, we again observed that MCP1 and CCR2 were now expressed by separate sets of neurons ( Fig. 7G-I ; see also see K ). We also noted that the levels of CCR2 expressed in neurons were generally higher after the CCR2-RA treatment (Fig. 7H , compare small and large arrows; see also I, K ). Our interpretation of this observation is that in the face of ongoing MCP1-induced endocytosis, CCR2 expression is substantially downregulated and that this is relieved after administration of the CCR2-RA. An analogous situation has been observed in the dentate gyrus where the chemokine SDF1 (also known as CXCL12) is tonically released from nerve terminals and downregulates the expression of its receptor CXCR4 on neural progenitor cells (Kolodziej et al., 2008) . Administration of the CXCR4 antagonist AMD3100 results in a substantial upregulation of CXCR4 expression in the dentate gyrus under these circumstances.
Although the above observations suggest active communication between MCP1-and CCR2-expressing cellular elements in the sciatic nerve and DRG after demyelination, we found no evidence for this in the spinal cord. As can be observed in Figure 8 A, after LPC treatment, MCP1-and CCR2-expressing cells were generally absent from the spinal cord. We did note the presence of a number of rod-shaped cells that expressed CCR2 which were localized around blood vessels and meninges similar to those that have been recently described (Audoy-Rémus et al., 2008) , but these were also present in naive animals (Fig. 8 A) (data not shown). However, we found no evidence for either MCP1-or CCR2-expressing cells within the parenchyma of the spinal cord. The absence of CCR2-expressing cellular components in the spinal cord parenchyma was further confirmed by in situ hybridization (Fig.  8 B) . In accordance with the data obtained from the BAC transgenic reporter mice, there was no significant expression of CCR2 receptors, although CCR2 expression in the DRG and sciatic nerve could be detected by the same probe in the same animals (Fig. 8C,D) . It is interesting to note that there is evidence that when MCP1 is expressed in DRG neurons, at least some of it is colocalized with calcitonin gene-related peptide (CGRP) (Zhang and De Koninck, 2006; Knerlich-Lukoschus et al., 2008 ), a neuromodulator which would be expected to play a role in neurotransmission in the dorsal horn (Zhang and De Koninck, 2006; KnerlichLukoschus et al., 2008; Thacker et al., 2009) . Indeed, we observed that numerous nerve terminals in the dorsal horn expressed CGRP (data not shown). However, there was no evidence that these also expressed MCP1, although MCP1 was abundantly expressed in the DRG. Hence, our observations indicate that in association with LPC-induced pain hypersensitivity, ongoing activation of CCR2 receptors is basically localized to the periphery.
Discussion
The data presented in this study allow us to make several conclusions. First, it is clear that by using bitransgenic mice constructed in the manner described here one can monitor intercellular GPCR-mediated communication in vivo, a technique that should prove valuable in many situations. We have used this method to examine the possibility that active MCP1-CCR2 signaling occurs as a mechanism for the maintenance of chronic pain hypersensitivity and observed clear CCR2 activation in the DRG and peripheral nerve under these circumstances. . CCR2 signaling is activated in the peripheral nerve after demyelination. MCP1::MCP1-mRFP1; CCR2::CCR2-EGFP mice were treated with LPC to produce focal demyelination of the sciatic nerve. On POD14 animals were killed, and sciatic nerves were isolated. Longitudinal sections were taken at the level of the midthigh. A, Under control conditions, there were few MCP1-or CCR2-expressing cells in the sciatic nerve. B, At the injury site, MCP1-expressing cells increased significantly in the nerve (red arrow), and there was infiltration of leukocytes both in and around the nerve (green arrow). C, D, Endoneurial fibroblasts upregulated MCP1. Endoneurial fibroblasts were identified as cells not associated with axons, which expressed PDGFR-␣ (C; blue arrow) and did not express S100 (D), a marker for Schwann cells (blue arrow). Note that some PDGFR-␣-expressing cells upregulated MCP1-mRFP1 (C; purple arrow). Expression of PDGFR-␣ and S100 was examined by immunohistochemistry. The green arrows indicate leukocytes. E, Many of the CCR2-expressing leukocytes were observed undergoing active CCR2 receptor-mediated signaling as evidenced by the internalized yellow vesicles (yellow concave arrow). F, Injection of the CCR2-RA reversed the CCR2 receptor activation. Cross-sectional images across the white lines are shown below E and F. Scale bars: A-D, 30 m; E, F, 10 m.
Indeed, the results we have obtained demonstrate the utility of this method for defining the status of MCP1-CCR2 signaling in numerous tissues. For example, in the bone marrow, MCP1-CCR2 signaling has been implicated in the emigration of monocytes into the circulation (Serbina and Pamer, 2006) . In mcp1 and ccr2 knock-out mice, monocyte egress during the inflammatory response is significantly impaired resulting in accumulation of monocytes in the bone marrow and an impaired immune response (Serbina and Pamer, 2006) . Although it was known that MCP1-CCR2 signaling plays an important role in regulating monocyte egress, the molecular mechanisms governing this process have not been clear. One important question concerns the source of the MCP1 which activates bone marrow monocytes (e.g., infected tissues or bone marrow). We observed that MCP1 was constitutively expressed and stored in bone marrow cells under normal conditions (Fig. 4) . MCP1-expressing cells were often seen making physical contact with CCR2-expressing monocytes, suggesting that they may engage in low levels of basal communication or at least be predisposed for this process to occur. During an inflammatory response, stored MCP1 was rapidly secreted, resulting in activation of CCR2 receptors in closely juxtaposed cells. This type of interaction could encourage egress of CCR2-expressing cells into the circulation as suggested previously (Serbina and Pamer, 2006) .
It is also known that MCP1-CCR2 signaling plays a critical role in the pathogenesis of EAE. For example, one study has shown that deletion of the CCR2 gene confers resistance to EAE (Fife et al., 2000) . Using the reporter mice developed in this study, it was possible to study the cellular origin of MCP1 upregulation (Fig. 5) . It was found that microglia and astrocytes (data not shown) around blood vessels upregulated MCP1 expression in association with the induction of EAE. We observed active communication between infiltrating CCR2-expressing leukocytes and MCP1-expressing cells in the brain so that CCR2-expressing cells contained MCP1/ CCR2-positive endocytotic vesicles. This is consistent with recent studies (Mahad et al., 2006) demonstrating that CCR2-expressing cells entering the brain may actively "consume" MCP1 expressed in the brain and consequently reduce its appearance in the CSF. Indeed, this process is also associated with "downregulation" of CCR2 receptors expressed by infiltrating leukocytes for which agonist-induced endocytosis must be a necessary prelude (Tylaska et al., 2002; Mahad et al., 2006) .
Having established the veracity of our approach, we investigated the status of MCP1-CCR2 signaling in states of pain hypersensitivity. Numerous studies have indicated that MCP1-CCR2 signaling is important in peripheral injury-induced neuropathic pain behavior (for review, see Abbadie, 2005; White et al., 2007) , although exactly how MCP1 produces these effects has not been clear. Sites of MCP1 action in the DRG, peripheral nerve, and spinal cord have all been suggested Knerlich-Lukoschus et al., 2008) . Indeed, it is possible that MCP1 may act at multiple sites and that the precise nature of its involvement may differ in different types of pain. Generally speaking, however, it is thought that Schwann cells and/or endoneurial fibroblasts in injured axons upregulate MCP1, which then attracts macrophages into the nerve (Carroll and Frohnert, 1998; Toews et al., 1998; Tofaris et al., 2002; Müller et al., 2008) . Infiltrating macrophages may then Figure 7 . CCR2 signaling is activated in the DRG. MCP1::MCP1-mRFP1; CCR2::CCR2-EGFP mice were subjected to LPC-induced demyelination of the sciatic nerve. A-F, In the DRG ipsilateral to the injury, expression of both MCP1 and CCR2 increased (D-F ), whereas there was little expression of MCP1 or CCR2 under naive conditions (A-C). MCP1-mRFP1 mainly localized to neurons (large red arrow) and, to some extent, to satellite glia (small red arrow; D). CCR2-EGFP localized to neurons (large green arrow) and satellite glia (small green arrow; E). Most CCR2-EGFP-expressing neurons and satellite glia also contained MCP1-mRFP1 (yellow arrow; F ). Injection of the CCR2-RA eliminated MCP1-mRFP1 in satellite glia (G-I; small green arrow). Also, after CCR2-RA treatment, MCP1-mRFP1-and CCR2-EGFP-expressing cells existed as separate populations (G-I; large green and red arrows). Cross-sectional images across the white lines are shown right to F and I. J, K, Intensities of mRFP1 and EGFP in shorter white lines in F and I are expressed in arbitrary units to compare relative signal intensities among different cells. J, In the LPC group, most neurons which express CCR2-EGFP also contain MCP1-mRFP1. Also, the CCR2-EGFP signal in neurons is relatively weaker than the signal in satellite glia (J ). K, In the LPC plus CCR2-RA group, however, most CCR2-EGFP-expressing cells do not contain significant amount of MCP1-mRFP1 signal. In addition, the CCR2-EGFP signal in neurons is now as strong as the signal in satellite glia (K ). Scale bars, 15 m.
secrete inflammatory molecules that sensitize the nerve. Second, neurons in the DRG also upregulate both MCP1 (Tanaka et al., 2004; White et al., 2005 White et al., , 2007 Zhang and De Koninck, 2006; Bhangoo et al., 2007; Yang et al., 2007; Jeon et al., 2008; Knerlich-Lukoschus et al., 2008; Thacker et al., 2009 ) and CCR2 (White et al., 2005; Bhangoo et al., 2007; . The activation of CCR2 signaling in DRG neurons is excitatory and therefore pronociceptive (White et al., 2005; Sun et al., 2006; . Third, some reports have suggested that DRG neurons transport MCP1 to central nerve endings in the spinal cord where it is released (Zhang and De Koninck, 2006; Dansereau et al., 2008; Thacker et al., 2009) . Once released in the spinal cord, MCP1 may activate microglia, which express CCR2 in the context of neuropathic pain (Abbadie et al., 2003; Zhang et al., 2007) . The activation of microglia potentiates synaptic transmission in the dorsal horn of the spinal cord (Milligan and Watkins, 2009 ). Finally, centrally released MCP1 may act on CCR2-expressing neurons in the spinal cord. Some neurons have been reported to express CCR2, and activation of CCR2 in these neurons inhibits their response to GABAergic input (Gosselin et al., 2005) .
The results reported here support the conclusion that, at least in the model used, the major sites of MCP1-CCR2 action are located in the periphery. We observed that in the injured nerve and DRG, CCR2-expressing cells (e.g., DRG neurons, satellite glia, and leukocytes in the nerve) were involved in active ongoing CCR2-mediated signaling (Figs. 6, 7) . The activation of CCR2 signaling in these cells was inhibited by the injection of the CCR2-RA, which also blocks chronic pain hypersensitivity in this same model (Bhangoo et al., 2007) . These data suggest that CCR2 receptors expressed by leukocytes in the nerve and by neurons and satellite glia in the DRG are the major contributors to pain hypersensitivity in this model (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
There has been no published evidence demonstrating that interneuronal communication between sensory neurons within the DRG takes place in states of pain hypersensitivity, although intersomal communication in the DRG using constitutively expressed neurotransmitters such as substance P has been suggested (Harding et al., 1999) . Our findings suggest that nonsynaptic release of MCP1 may modulate DRG neuron excitability after injury by intersomal transmission (Fig. 7) . This model suggests that a number of neuronal ion channels expressed by DRG neurons may be the downstream targets of CCR2 activation (Sun et al., 2006) . For example, one possible mechanism by which CCR2 signaling in DRG neurons may contribute to pain hypersensitivity is by transactivating TRP channels (Zhang et al., 2005; . Neuronal K and Na channels may also be possible targets (Sun et al., 2006; Wang et al., 2008) . Satellite glia in the DRG are a source of many proinflammatory molecules, such as IL-␤ and NGF (nerve growth factor) (Scholz and Woolf, 2007) , and the activation of CCR2 receptors in these cells may induce release of pronociceptive molecules to sensitize DRG neurons. Similar mechanisms may also apply to leukocytes in the nerve (Jin and Gereau, 2006; Scholz and Woolf, 2007) .
Thus, the data reported here, together with the effectiveness of the peripherally injected CCR2-RA (Bhangoo et al., 2007) , argue that the major sites of drug action, at least in this model, reside in the peripheral nervous system. In keeping with this conclusion, no detectable axonal transport of MCP1 to the dorsal horn was observed, nor were there a significant number of CCR2-expressing cells (e.g., neurons or microglia) observed in the spinal cord (Fig. 8) .
It is certainly possible that central MCP1-CCR2 signaling may be important in other types of injury-induced chronic pain behavior. There are several reports which have described chronic pain-related effects of MCP1-CCR2 signaling in the spinal cord. For example, several groups have reported that intrathecal injection of MCP1 induces pain hypersensitivity (Abbadie et al., 2003; Zhang et al., 2007; Thacker et al., 2009) . It has been postulated that the activation of CCR2-expressing microglia in the dorsal horn of the spinal cord contributes to central sensitization of pain transmission (Abbadie et al., 2003; Zhang et al., 2007; Thacker et al., 2009) . Others have also suggested that MCP1 might contribute to pain hypersensitivity by directly acting on spinal cord neurons to attenuate inhibitory transmission (Gosselin et al., 2005) . A couple of possible explanations for this apparent discrepancy exist. One explanation may be that a local increase in the spinal cord recruits circulating monocytes expressing CCR2 receptors, which in turn secrete molecules that activate microglia in the spinal cord or sensitize neuronal transmission. Monocytes may infiltrate into the spinal cord, differentiate into microglia, and then subsequently downregulate CCR2 expression. Indeed, it has been reported that circulating monocytes can enter the spinal cord and differentiate into microglia under some circumstances (Zhang et al., 2007) . Use of the bitransgenic mice described here, together with the appropriate models, will be helpful in further examining these possibilities.
In summary, the data reported here support the conclusion that CCR2 activation in the peripheral nervous system can play a critical role in the production of pain hypersensitivity in states of neuropathic pain, supporting the possibility that antagonism of MCP1-CCR2 signaling may be a novel therapeutic intervention for the treatment of chronic pain syndromes.
